Silicon photodiodes (planar PIN) are employed for the read out of scintillation shower counters. We have already reported on a new doping method called molecular layer doping (MLD) which has been developed for a quarter-micron ULSI process.
I. INTRODUCTION
Currently, silicon photodiodes (planar PIN) are employed for the read out of scintillation shower counters [I] . They are very compact, have low power consumption, and are insensitive to magnetic fields. However, they still require a high quantum efficiency within the wavelength range from 350 to 650 nm, in terms of the photoelectron collection yield for scintillation counting.
In order to increase this short-wavelength quantum efficiency, p+ layer junction depth (x,) at p+-n--n+ PIN structure is expected to be as shallow as possible. However, forming a shallow p+ layer while maintaining sufficient impurity surface concentration (for series resistance, contact resistance and surface state stability, >lE19 ~m -~) is not easy using one of the conventional processes such as the BBr3 predeposition method or the B (boron, B+) ion implantation method. It is not realistic to consider the BBr3 pre-deposition method because of its p+ x, (above around 1.0 pm). Even for the B ion implantation method, around 0.5 pm is the actual minimum xj. Because the B+ is a light weight element thus it shows a long projected range (Rp), and has a lower ionization rate thus it needs a higher annealing temperature (above 950°C to have at least 80% impurity ion activation) which leads to deeper xj. The BF2 ( 49BF2+) ion implantation was also employed to perform p+ layer in this study. Because the RP of BF2 is 25% of B, and higher ionization rate (550°C annealing enough to Annealing:
In the other processes used for forming the n+ layer, the oxidation and metalizations were the same. There were multiple types of photo-sensitive area size, 1 x 1 mm -10 x 20 mm. Photo sensitivity and other characteristics were measured after coating the samples with a transparent resin. N,, 60min 800 -1000°C Fig. 2 shows the spectral responsivity of the above PIN photodiodes:Using the sample preparation method shown above, multiple types of xj sample have been made, several of which were represented as higher and lower photo sensitivity for each case of BF, I/I and MLD, without any normalized earlier. The photo sensitivity (A/W is A/W/cm2) was calculated from a photo current obtained with 40 volt reverse bias with 100 kR series resistance, and with irradiation of 10 pW/cm2 luminescence from a collimated light source (W lamp, 3200 K). The value of the photo current was arrived at through the use of a pre-adjusted light source. Therefore, although it is used as an exact value, the results of others might vary. However, the relative values contained in this study are considered to be sufficiently accurate. Every plot is the average of every 10 PINS with a deviation of only a few percent The B (boron) VI-PIN shows lower photo sensitivity with every sample (e.g 0.105 A/W at 1E15/cm2, 950°C), which will be discussed concerning the BF2 VI-PINS and h4LD-PINS in the following sentences. Fig. 3 shows the relationship between photo sensitivity at 400 nm and p+ layer junction depth (x,) obtained by SIMS (Secondary Ion Mass Spectroscopy). The MLD-PINS show a clear increase in the photo sensitivity at short wavelength (400 nm), with x, becoming shallow. The BF2 I/I-PINS do not show simple x, dependence. Junction depth xj (nm) Fig. 3 Junction depth versus photo sensitivity at k=400 nm wavelength.
III. EXPERIMENTAL RESULTS
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A. Photo sensitivity performance
This can be explained as follows. The BF2 VI-PINS were affected by the damage which was caused by ion implantation as mentioned above. As the temperature rises, damage will be eliminated, however, xj will deepen further, and mechanisms, in which the sensitivity dose not rise, have complex combinations under each condition. Fig. 5 shows the relationship between annealing temperature and photo sensitivity under one doping condition of each PIN. This graph can more easily explain the complex data of BF2 ID-PINS, described above. If there is increase in the annealing temperature below 1000°C, there is an increase in the photo sensitivity of BF2s. This can be explained by damage (as mentioned above) restoration. At 1000°C annealing, there is a decrease again in sensitivity which can be attributed to a deepening of x,. This suggests that an increase in the annealing temperature is proportional to a decrease in the photo sensitivity of the MLDs. At 950°C annealing, the BF2s shows higher photo sensitivity than that of the MLDs in spite of almost the same depth of the xj. Higher photo sensitivity might be expected at 800°C for the BF2s, if the damage restoration occurs without a deepening of x,. Because of its high resolution (1Ell/cm2) for monitoring the ion implantation dosage, the thermal waves method [51 has been extensive use recently in the field of semiconductor manufacturing. Thermal waves signal (TW signal) is useful to estimate the damage density as well as impurity dosage. Fig. 6 shows the TW signal at each point along the process. Each plot of the TW signal is completely stable, but, again, there is a deviation of a few percent Although the "as dope" signal of the BF2 9O,OOO, the scale of the vertical axis of the graph is not log, but linear in terms of the characteristics of the 1w Annealing temperature ("C) The signal of the BF2 shows the expected damage restoration method, above 850°C turned by TW signals of BFzs in terms (recrystalhation), whereas, the MLD signal reveals some of the density of the damage. This can possibly explain Fig 0.174 A/W at 400 nm, and 0.336 A/W at 550 nm, junction capacitance of 83.7 pF at full depletion voltage of 50 V, and a leakage current of approx 4 nA at 50 V at 25OC, area size 1 x 2 cm. Those of the MLD-PIN are 0.183 A N at 400 nm, 0.356 A/W at 550 nm, 84.6 pF at full depletion voltage of 40 V, and a leakage current of approx 4 nA at 40 V at 25°C , area size 1 x 2 cm. As described above, both sample have sufficient performances for a scintillation counting, such as the low capacitance, the low leakage current and the enough depletion width, as well as the photo sensitivity. The scintillator was a 1 inch cubic CsI(T1) crystal, the power supply was a KEITHLEY 617, the preamplifier was a CLEAR PULSE 580, the shaper was a ORTEC 672 (gain: 300, shaping time: 2 juec), the MCA was a ORTEC 917 (conversion gain: 1 k ch), and the controller was a PC9801 with an emulation program by SEIKO EG&G. Fig. 7 shows the measured results, the spectra of 137Cs
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and @CO, and the energy peak for each channel. The spectra of the BF2 I/I-PIN shows almost the same shape and the same peak position for the current typical photodiode [l] measured at the same time. The spectra of the MLD-PIN shows higher relative peak position for the channel than that of the BF2 I/I-PIN, thus it shows clearer peak resolution and lower tailing (lower noise). Within this measurement, the energy efficiency of the relative peak position for each channel was estimated that the value of the MLD-PIN is higher than that of the BF2 ID-PIN. The wavelength of maximum emission of CsI(TI) is around 560 nm, those of BGO or CdWO, is around 480 nm. Further effective scintillation counting is expected with MLD-PINS.
IV. DISCUSSION
In this study, several kind of significant data were obtained, such as the short wavelength photo sensitivity process dependences or scintillation counting performances, for the PIN photo diode in which p+ layer was formed by h4LD or B or BF2 ion implantation, as we expected.
Particularly, the most interesting thing was the possible existence of damage from the MLD method (c.f Fig. 5,6 ). We already reported that a stable compound of B and Si is formed on the Si surface after MLD doping and its subsequent annealing, it is SiB6 (boron silicide) [6] , it is electrically non activated, it is several hundred A thickness. The SiB6 layer was to be removed by thermal oxidation (600°C, Dry O2 ambient). However, possibly the thin SixBy (a part of transient region :
SiB6 -%,By -Si) layer might remained at the upper most of the Si surface, which is not detected by SIMS signal (c.f Fig.  4) . This thin Si,By layer is assumed to have a high density of boron, over the solid solubility but below the percent order, thus it might play the role of damage, and it is not affected by the annealing, because it is not a restorable crystalline defect but a stable compound. Stronger oxidation can remove the thin SIXBY layer completely, but it may lead to boron segregation from the p+ layer into a new growth of SO2, thus causing a decrease of the p+ layer surface concentration. Optimal conditions for the removal process are to be explored during further study of this damage like phenomenon with the MLD method.
BF, I/I-PINS shows sufficiently tolerable photo sensitivity in terms of the optimal point of the fabrication process combination. It also suggests the possibility of achieving higher photo sensitivity, if it can survive damage restoration through RTA (Rapid Thermal Annealing) e.g and other annealing techniques [2] without a deepening of x,. By the way, the spectral responsivity might become a good analytical tool for the damage of shallow junction, and be useful in the field of ULSI process development instead of other expensive tools.
V. CONCLUSION PIN photodiodes in which a p+ layer is formed by MLD, is an inexpensive way to provide good performance for shortwavelength photo sensitivity. Because it uses furnace annealing and not RTA and it is not another dopant but a B, it is stable and trustworthy in terms of manufacturing. Accompany with the damage like phenomenon, MLD-PINS could achieve the highest performances of scintillation counting within this kind of current Si PIN photodiodes.
